In a search for myotropic viruses with a potential to initiate muscle autoimmunity, we found that two strains of influenza A virus, A/England/863/78 (H3N2) and the reassortant virus X-47 (H3N2), could infect human syncytial myotubes lytically. The X-47 strain could, in addition, infect unicellular precursor myoblasts. Intracellular viral protein synthesis was demonstrated by pulse-labelling studies in both cell types with both virus strains. By immunofluorescence and immunoelectron microscopy, viral antigens were demonstrated in infected muscle cells specifically identified by double staining with monoclonal antibodies to either of two independent muscle-specific antigens. However, using 'co-capping' techniques in conjunction with electron microscopy, there was no evidence of association between viral haemagglutinin and the acetylcholine receptor (one major target of autoimmunity to muscle cells) on the infected cell membrane.
INTRODUCTION
There are few data available on the tissue distribution of influenza virus in the infected host (for review, see Sweet & Smith, 1980) , and on the possible involvement of muscle in particular, although clinically influenza includes general myalgia as well as respiratory symptoms. Except for fibroblasts, little is known about which extrapulmonary cells may be susceptible to this infection. Links between influenza and polymyositis (Dietzman et al., 1976; Gamboa et al., 1979) , acute myopathy (Kessler et al., 1980) , and Reye's syndrome (Partin et al., 1976) have been documented. However, studies on influenza virus in cultured human muscle cells have been reported (Armstrong et al., 1978) only for the highly adapted neurotropic A/WSN (H1N1) virus (Francis & Moore, 1940) . By testing unselected strains of influenza A virus, we aimed to study more directly their natural cell tropisms and possible involvement in muscle disease.
It has recently been demonstrated that different influenza virus variants may replicate preferentially in different target cell types such as canine kidney cells and embryonated eggs (Schild et al., 1983 ; J. S. Oxford, G. C. Schild & R. G. Webster, unpublished) . Whether diverse human cell types might likewise select for different antigenic variants among a heterogeneous inoculum is an open question. It is particularly apposite in the case of muscle cells, which can be studied in vitro at successive stages of differentiation. When freshly isolated from foetal muscle, they are unicellular myoblasts, which fuse to form syncytial myotubes after 4 to 5 days in culture, and subsequently synthesize specialized products such as actin, myosin and acetylcholine receptor (AChR) to generate contractile cells. A minor technicality is that there are inevitably also some contaminating fibroblasts at all stages.
Viruses have often been invoked in the aetiology of autoimmune diseases (e.g. Datta & Schwartz, 1974; Catalano et al., 1980) ; their antigens may be expressed on cell surfaces and (Dowdle & Schild, 1975) , and for certain experiments were purified and concentrated to l0 mg/ml of virus protein (Skehel & Schitd, 1971) .
Cell cultures. Muscle was obtained from foetal limbs (16 to 24 weeks' gestation) within 12 h of prostaglandininduced termination. Approximately 0-4 to I g of skeletal muscle was chopped, dispersed and frozen in liquid nitrogen as described for thymus by Willcox et al. (1983) , except that Dulbecco's modified Eagle's medium (DMEM, Gibco) with 20~ foetal calf serum (FCS) was used. Fresh or thawed cells were cultured in DMEM/20~ ECS at 37 °C.
For fluorescent antibody staining, cells were gently dissociated with 0.2~ trypsin (Difco, 1:250) for 24 h for myoblast cultures or 48 to 72 h for myotube cultures, and replated at 2 × l0 s cells per 60 mm 2 Petriperm dish (TR Heraeus, F.R.G.) in DMEM/10~ FCS (myoblast) or DMEM/10~ horse serum (HS) (myotubes). Maximal cellular differentiation to syncytial myotubes occurred after a total of 4 days in culture. For electron microscopy, the cells were seeded instead at 6 x 10 ~ or 10 × 10 "t cells in 35 mm dishes for myoblast or myotube cultures respectively, and for pulse labelling, at 6 × 105 cells per 90 mm dish. In all experiments involving virus inoculation, medium containing HS was replaced with DMEM/2~ FCS 24 h prior to virus infection.
lmmunolabelling reagents. Rabbit antisera to X-47 virion or influenza A virus nucleoprotein (NP) (Schild et al., 1979) , a F(ab')2 preparation of goat anti-HA antibody, and monoclonal antibodies (MAbs) to a muscle cellspecific glycoprotein (5.I.H.I1; Walsh & Ritter, 1981) , or to the human AChR (P. J. Whiting et al., unpublished), were used in conjunction with commercial fluorescein isothiocyanate (FITC)-or tetramethylrhodamine isothiocyanate (TRITC)-labelled anti-species lg antibodies. For electron microscopy, the F(ab') 2 of goat anti-HA coupled to ferritin or horseradish peroxidase (Dourmashkin et al., 1982) was used in combination with mouse MAbs, rabbit anti-mouse Ig and 5 nm colloidal gold-conjugated goat anti-rabbit Ig antibodies obtained from Janssen Pharmaceutica, Beerse, Belgium. Colloidal gold (20 nm) prepared by the citrate reduction method (Bendayan, 1982) was coupled with staphylococcal Protein A by the method of Slot & Geuze (1981) .
To prevent any possible cross-reactivity beween the different reagents, the goat anti-rabbit Ig serum was absorbed with mouse lg coupled to Sepharose 4B, and the goat anti-HA ferritin conjugate was absorbed with mouse and rabbit Igs. Controls to check for cross-binding were included in the muscle labelling experiments (not shown).
Immunofluoreseence. Cell monolayers were infected at a multiplicity of no more than 200 EIDso/cell in Petriperm culture dishes which were subsequently cut into I cm 2 strips, and washed. All stainings were performed at 20 °C (to prevent cell detachment) in DMEM/2~o FCS plus 20 mM-sodium azide for 20 to 30 min. For optimal capping, labelled monolayers were thoroughly washed with azide-free medium (plus 2 ~ FCS and 20 mM-HEPES), held at 37 °C for 5 to 15 rain, and then washed again into azide-containing medium.
Electron microscopy. For adsorption and uptake studies, 100 ~tg purified X-47 virus (in 10 ~tl) was incubated with twice-washed monolayer cultures for 20 min at 4 °C in DMEM ; the cells were washed three times and re-incubated for 20 min at 37 °C, before fixation. To study viral replication, approximately 2 × 107 EIDs0 of virus or infective allantoic fluid (200 ~tl) were adsorbed for I h at 20 °C in DMEM (i.e. about 200 EIDso/cell); monolayers were either washed three times and then fixed, or incubated for 18 h at 37 °C in DMEM/2% FCS, then washed three times in DMEM before fixation. Fixation was for 1 h at 20 °C in 3~ glutaraldehyde in 0.1 M-cacodylate buffer pH 7-3 containing 5~ (w/v) sucrose; further processing was according to Patterson & Bingham (1976) .
Biosynthesis of influenza virus polypeptides analysed by SDS-PAGE.
Washed cultures inoculated with 10 s EIDs0 virus per 90 mm dish (i.e. approx. 200 EIDso/cell ) were pre-incubated for 60 min in methionine-free MEM/2~ FCS (dialysed), and then labelled for 2 h with 100 vtCi/ml [35S[methionine (Amersham); these are standard conditions for muscle cells (e.g. . Cultures were then washed and extracted in 1 ~ Triton in 0-1 Msodium phosphate pH 7.2 containing 10 mM-EDTA, 10 mM-EGTA and the protease inhibitors phenylmethylsulphonyl fluoride, soyabean trypsin inhibitor, pepstatin, leupeptin, benzamidine and iodoacetamide. Aliquots of lysate were incubated with either rabbit anti-X-47 or sheep anti-N 1 B4 HA (from an influenza A/England/321/77 reassortant) or non-immune sera and then with Protein A Sepharose 4B. The washed beads were extracted under non-reducing conditions before PAGE (after Laemmli, 1970) and fluorography (after Bonner & Laskey, 1974) . Unlabelled influenza virus concentrates run in parallel (and stained with 1-25 ~o PAGE blue 83; BDH) were used to identify the labelled bands.
RESULTS

Replication of influenza virus in muscle cell cultures Initial studies
It was found that influenza A virus consistently replicated in muscle cultures at successive stages of differentiation. Myotubes that had been in culture for 4, 5, 8, 15 or 20 days before infection showed complete virus-induced cytopathic effects at 36 to 48 h after infection with X-47 virus. Haemadsorption to myotubes was undetectable at 1 h post-infection; it was weak at 8 h, increasing at 12 h (not shown), and strong at 24 h (Fig. 1) ; evidently we were not simply identifying input virus. Furthermore, nucleoprotein (NP) antigen was observed by immunofluorescence in myotube nuclei at 6 h (as in Fig. 1 and 2 ), whereas at 1 h only weak spotty membrane staining was visible; cytoplasmic NP staining could be detected for longer periods (12 to 36 h), after which pronounced cytopathic effects were observed. Similar results were obtained when myotubes were infected with another virus strain, influenza A/England/863/78. In addition, myoblasts showed both haemadsorption and cellular destruction after infection with X-47 virus.
Identification of virus in myobtasts and myotubes by double labelling
Five lines of evidence indicate that the human muscle cells, as well as the fibroblasts in these cultures, can be infected by influenza virus and synthesize its structural and non-structural polypeptides. First, by immunofluorescence, strong staining for NP antigen (FITC) was seen in 70 to 80 ~o of the muscle cells that could be identified either by their multiple nuclei (Fig. 1) , or by double labelling with the muscle cell-specific MAb 5.1. H. 11 (TRITC, Fig. 2 ; Walsh & Ritter, 198l) . A slightly lower proportion (60 to 70~) of the 30 to 60~ of 5.1. H. l 1-negative cells contained NP antigen too (and they tended to be more weakly stained, as in Fig. 1 and 2); they were presumably contaminating fibroblasts.
Secondly, in experiments employing concentrated virus preparations and thin section electron microscopy, virus was observed at early stages of infection attached to and internalized by myotubes that were clearly distinguishable from other cell types by their characteristic hexagonal arrangement of actin and myosin filaments (Fig. 3a) . Thirdly, at later stages (18 to 24 h), labelling for virus HA was consistently observed on the membranes of cells expressing AChR (see below), but at 1 h post-infection, membrane HA was undetectable. Furthermore, at these later times, numerous attached and budding viruses were seen on myoblasts (identified by MAb 5.1. H. 11 and colloidal gold ; Fig. 3 b) , and on.myotubes (Fig. 3 c) . Extensive examination of cultures at 1 h post-infection showed that very few particles from the infecting inoculum were attached to the cell membrane, thus confirming that the large number of attached and budding particles observed at later stages were newly synthesized virions and not relics of the input virus; their elongated form was also very different (compare Fig. 3a with b and c) . Finally, viral polypeptides were actively synthesized by semi-purified muscle cells in culture (see below).
Biosynthesis of viral polypeptides by semi-purified muscle cells
Prior adsorption of the muscle cell suspensions to plastic for 30 min removed the rapidly adhering fibroblasts (Konigsberg, 1979) ; fibroblast contamination was reduced to about 18 when the non-adherent cells were re-plated in fresh dishes. (This was the extent if each myotube were scored as a single cell; a more valid estimate based on a count of nuclei would be about 5 ~.)
In sample cultures stained by double immunofluorescence, at least 79~ of the NP antigencontaining cells proved also to be 5.1.H. l 1-positive, confirming again that this viral polypeptide was being synthesized in muscle cells. Furthermore, the few 5.1. H. 11-negative cells were no more strongly stained for NP (e.g. Fig. 2 ). L. S. KLAVINSKIS AND OTHERS After pulse-labelling X-47-virus-infected myotubes or myoblasts at early times (3 h) postinfection with [35S]methionine, the virus-coded HA, matrix (M) and NP polypeptides were identified by PAGE. Although the procedures we used are not strictly quantitative, the NP band consistently appeared to be the most prominently labelled with either cell type at 3 h (Fig. 4) , whereas at later times (18 and 36 h), the HA band was much more intense than the diffuse NP band (Fig. 4) , as others have previously found with other cell types.
These findings were consistent in three out of three experiments, and were very similar with myotubes infected with A/England/863/78 virus (Fig. 5) . However, when myoblasts were infected with this strain, an apparently abortive infection was regularly observed; at 18 h, no radiolabelled virus polypeptides were seen ( Fig. 5a and 6 ) (and the fibroblasts still present here were evidently too rare to synthesize viral peptides detectably). Furthermore, there were no detectable cytopathic effects, in sharp contrast with the lytic infection seen with similar doses of X-47 virus in parallel experiments on the same batches of cells. Interestingly, at early times after infection with A/England/863/78 virus, the labelling of the H A and N P polypeptide bands appeared to be more intense in myoblasts than in myotubes (Fig. 5) ; however, by 11 h it was reduced and by 18 to 20 h it was virtually undetectable in myoblasts (Fig. 5 and 6) , whereas the H A labelling remained apparently unchanged in myotubes (Fig. 5) . 
L. S. K L A V I N S K I S A N D O T H E R S
Distribution of AChR and influenza HA in 'capping/patching' experiments
Pilot experiments analysed by light microscopy confirmed that, on myotubes under noncapping conditions, the AChR was expressed in discrete clusters or 'hot-spots' at intervals along the membrane (Sytkowski et al., 1973) , and could be redistributed by antibody into several large patches, sometimes three or four per myotube. If this 'capping' was prolonged beyond 15 min, the plasma membrane was rapidly denuded of detectable AChR.
A series of experiments analysed at the electron microscope level established that either viral HA or host cell AChR would become concentrated into patches when 'capped' with the relevant antibody (Fig. 7) . 'Patching' rather than capping also occurred with the MAb 5.1. H. 11 (data not shown). However, no co-patching between the AChR and viral HA was detected. Exhaustive analysis of the stained ceils showed that, after the AChR had been patched, the HA was still randomly distributed on the membrane (Fig. 7 c) ; where it appeared to be clustered, the clusters were not necessarily associated with the patches of AChR. Conversely, the distribution of AChR was unaffected by patching of the HA (Fig. 7b) .
DISCUSSION
Our results clearly establish that unselected influenza A viruses can infect human muscle cells in culture. The pulse labelling experiments rule out the possibility that the antigens detected were simply relics of the input virus. Furthermore, the high purity of the muscle cells used, their positive identification using monoclonal antibodies, and the relatively uniform intensity of the viral antigen staining in the cultures clearly show that most of this biosynthesis occurred in muscle cells. While others have reported replication of influenza A virus in avian (Cox et al., 1977) and human (Armstrong et al., 1978) muscle cells, the latter workers did not exclude contaminating fibroblasts as the principal permissive cell type; these support both influenza A and B virus replication (Herrero-Uribe et al., 1983) .
The present experiments also show that, contrary to previous findings (O 'Neill & Kendal, 1975; Armstrong et al., 1978) , myoblasts are not totally refractory to influenza virus infection, although their susceptibility may depend on the virus strain tested. There are many potential explanations for the apparently abortive infection of myoblasts with influenza A/England/863/78 virus. Our initial results argue against a lack of receptors for the virus on these cells or a failure to synthesize viral NP; other possibilities are still being tested.
Reports that influenza viruses can enhance immunity to weak self antigens (e.g. Bromberg et al., 1982) or tumour antigens (e.g. Lindenmann & Klein, 1967; Boone et al., 1971 ; Fujiwara et al., 1984) could imply that they have the potential to initiate autoimmunity, perhaps because of close associations formed between viral and host antigens on (or in) the infected cells. However, using co-capping techniques, we have failed to demonstrate such an association between the AChR and the HA, which is the major viral glycoprotein expressed on the infected cell surface and one that induces helper T cells very efficiently (Lamb et al., 1982) . However, we cannot exclude weaker or transient interactions that might have escaped detection in co-capping experiments (as has often occurred in studies on virus major histocompatibility complex interactions; for review, see Oldstone et al., 1980) , but might be revealed by more sensitive tests (Simonsen & Olsson, 1983) .
In sero-epidemiological and virus isolation studies, we have also failed to implicate influenza virus in the aetiology of myasthenia gravis (Klavinskis et al., 1985a, b) : our present results might be more relevant to the induction of other muscle diseases such as polymyositis. Related approaches, such as studying persistent viral infections of muscle cell lines, and perhaps transferring or inducing these in vivo, might throw further light on how viruses could help to induce autoimmunity.
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